A multistage metasomatic and melting model accounts for the origin of the enriched components by extending the subduction factory concept down through the mantle transition zone, with slab temperature a key variable. Volatiles and their stable isotopes are decoupled from lithophile elements, reflecting primary dehydration of the slab followed by secondary rehydration, infiltration, and re-equilibration by fluids derived from dehydrating subcrustal hydrous phases (e.g., antigorite) in cooler, deeper parts of the slab. Enriched mantle sources form by addition of <1% carbonated eclogite 6 sediment-derived C-O-H-Cl fluids to depleted mantle at 180-280 km (EM) or within the transition zone (PREMA).
Introduction
Cycling of material from Earth's surface to its interior by subduction is a fundamental planetary process. It is generally accepted that the radiogenic isotopic and trace element compositions in mantle sources of ocean island and enriched mid-ocean ridge basalts (MORB) can be explained by ''pollution'' of depleted mantle by varying types and amounts of subduction-modified crustal material (e.g., Hofmann, 1997; Stracke, 2012; White, 1985 White, , 2015 Zindler & Hart, 1986) or crustal melts (e.g., Asimow et al., 2004; Cooper et al., 2004; Donnelly et al., 2004; Weiss et al., 2016) . However, questions remain about the mechanisms by which these recycled crustal materials are incorporated into the mantle. Traditionally, these questions have been addressed using passive tracers, including trace element concentrations and radiogenic isotopic compositions. melting and the transport of trace elements and their associated isotopes. Light stable isotopes are also powerful passive tracers of subduction zone processes, such as the isotopic fractionations produced during weathering (e.g., Alt et al., 1986) and dehydration (e.g., Shaw et al., 2008) . The difficulty with using volatiles as tracers of mantle processes, however, is that care must be taken to see through shallow modification (loss by degassing or gain by assimilation) to detect mantle source-related variations.
Isotopic fractionation of light stable elements (e.g., H, Li, and B) during subduction may shed light on the various mechanisms that recycle crustal materials into the deep mantle. Hydrogen isotopic heterogeneity in mantle reservoirs is particularly useful due to its large fractionation and strong signals. These isotopic ratios are reported in delta notation (d) (e.g., dD SMOW ), where dX is the parts per thousand (permil) deviation from a standard. For example, dD is the permil deviation of a measured ratio of deuterium to hydrogen (D/H) relative to D/H of Standard Mean Ocean Water (SMOW), where dD SMOW 5 0 &.
Typical dD SMOW for fresh MORB thought to be characteristic of the depleted upper mantle is 280 6 10 & (e.g., Kyser & O'Neil, 1984; Poreda et al., 1986) . As oceanic crustal rocks move away from the ridge, hydration during seafloor alteration shifts the hydrogen isotopic composition to heavier values of about 240 6 20 & (Stakes, 1991; Satake & Matsuda, 1979; Stakes & O'Neil, 1982; Sheppard & Epstein, 1970; Wenner & Taylor, 1974) . During subduction, dehydration of hydrous minerals reverses these shifts, because deuterium partitions preferentially into the fluid phase (1000lna 5120 6 20 &). This produces isotopically heavier fluids exiting the slab with initial dD SMOW of 220 6 20 & (Graham et al., 1984; Saccocia et al., 2001; Sakai & Tsutsumi, 1978; Suzuoki & Epstein, 1976; Vennemann & O'Neil, 1996) , and leaving behind a slab depleted in deuterium.
Metasomatism of the mantle wedge by these slab-derived fluids results in heavy isotopic compositions characteristic of arc and back-arc basin basalts (dD SMOW 5 210 to 257 &) (Hochstaedter et al., 1990; Honma et al., 1991; Marty et al., 2001; Poreda, 1985; Shaw et al., 2008) . As dehydration progresses and D is increasingly removed from the slab by a distillation process, both the released fluids and the slab itself should become isotopically lighter. This theoretically results in extremely light hydrogen isotopic composition in residual mostly dehydrated slabs. Predicted dD SMOW of mostly dehydrated slabs range from about 2110 6 10 & (Walowski et al., 2015) to 2230 & (Shaw et al., 2008) . This ''light slab'' model predicts two complementary reservoirs-a light residual slab, and a correspondingly heavy mantle wedge (or at least those portions of the wedge in contact with fluids). According to this model, incorporation of subductionmodified materials from the residual slab into the deeper mantle should create mantle sources having dD SMOW that are much lighter than MORB. In contrast, incorporation of mantle wedge materials should create mantle sources having dD SMOW much heavier than MORB. In support of this light slab model, Hauri (2002) presented stable isotopic analyses of melt inclusions in olivines from Koolau (Hawaii) suggesting an enriched mantle source dD SMOW of 2120 &, similar to the values predicted by Walowski et al. (2015) .
Based on trace element ratios and radiogenic isotopic compositions, some mantle end-member compositions (see section 3) are thought to include subduction-modified, mostly dehydrated igneous crust or crustal-derived melts. The light slab model predicts that these basalts should have light dD SMOW values. In contrast to light slab model predictions, however, limited data on dD SMOW values in those end-member basalts show that they are actually heavier (235 &) than MORB O'Leary et al., 2002; to plume-ridge interaction or more dispersed heterogeneities. Plume-influenced basalts erupted in deep water, either along the mid-ocean ridge or on the margins of ocean islands, provide an important way to learn about volatiles in enriched mantle sources. While ocean islands can be representative of various mantle sources in terms of radiogenic isotopes and certain trace element ratios, sampling lavas at their exposed tops may present a highly biased picture. In particular, these samples are pervasively degassed and frequently modified by fractional crystallization and assimilation of crustal materials. In addition, studies of water in melt inclusions are often complicated by diffusion of H 2 O in or out of the inclusion, as well as degassing of the host magmas.
The sample suites include the East Pacific Rise (6-178N), the northern Mid-Atlantic Ridge, including the Arctic Ridges north of Iceland and ridges near the Azores Platform, and the southern Mid-Atlantic Ridge adjacent to the Shona and Discovery geochemical anomalies. Boron, lithium, and oxygen isotopic compositions are presented for a few locations. These and other published data are used to develop a comprehensive model for the volatile element, trace element, and radiogenic and stable isotopic composition of most basaltic melts, resolving the dehydration paradox.
The proposed model effectively extends the depth of the ''subduction factory'' well beyond the zone of arc magmatism. In contrast to the relatively shallow, H 2 O-dominated arc magmatic system, these deeper melting systems are dominated by the phase equilibria of carbonated slab lithologies at 200 km (where carbonated sediment melts) and at >410 km in the transition zone (where carbonated eclogite melts). For cooler slabs, water in subcrustal serpentine is carried well below depths of arc magma-genesis and is available to rehydrate the previously dehydrated slab and to buffer the isotopic composition of light elements to heavier predehydration values. Geochemistry, Geophysics, Geosystems 10.1002 to establish the mean composition of ocean ridge basalts clearly shows that mantle sources for NMORB, even those far from hotspots, may contain variable amounts of other mantle components.
HIMU basalts (sometimes referred to as Extreme HIMU) are rare (St. Helena, Cook Austral Chain, Chatham Islands, and Mt. Eerebus) (Willbold & Stracke, 2006) and are not represented in this study. They are characterized by having 206 Pb/ 204 Pb greater than 20.5, low 87 Sr/ 86 Sr (Zindler & Hart, 1986) , and low 3 He/ 4 He (Barfod et al., 1999; Hanyu et al., 2011; Hanyu & Kaneoka, 1997; Moreira & Kurz, 2001) . Trace element compositions of HIMU basalts from different locations are remarkably homogeneous, characterized by strong depletions in incompatible elements, enrichments in Nb and Ta relative to Ba and Rb, and depletions in Pb, Rb, and Ba relative to EM basalts (Willbold & Stracke, 2006) . These trace element systematics are consistent with trends caused by dehydration of oceanic crust during subduction, which results in net loss of Cs, Rb, Ba, K, LREE, Pb, and Sr due to removal of fluid-mobile elements, but in relative enrichment of Nb and Ta due to retention of Nb and Ta in residual rutile (Ayers, 1998; Brenan et al., 1994 Brenan et al., , 1995 Bromiley & Redfern, 2008; Foley et al., 2000; Keppler, 1996; Klemme et al., 2002 Klemme et al., , 2005 Kogiso et al., 1997; McCulloch & Gamble, 1991; Schmidt et al., 2004a; Stalder et al., 1998) . Thus, HIMU basalts are most likely formed by direct melting of recycled ancient subduction-modified oceanic lithosphere (e.g., Chase, 1981; Chauvel et al., 1992 Chauvel et al., , 1997 Fitton, 2007; Halliday et al., 1988; Hart, 1988; Hauri et al., 1994; Hauri & Hart, 1993; Hofmann, 1997 Hofmann, , 2014 Hofmann & White, 1982; Lassiter & Hauri, 1998; Niu & Batiza, 1997; Niu et al., 1999; Palacz & Saunders, 1986; Roy-Barman & All egre, 1995; Salters & White, 1998; Stracke et al., 2003 Stracke et al., , 2005 Vidal et al., 1984; White, 1985; Zindler & Hart, 1986 ).
EM1 and EM2, referred to simply as EM in this study, share the characteristics of relatively high 87 Sr/ 86 Sr and low 206 Pb/ 204 Pb. In contrast to the relative homogeneity of HIMU basalts, each suite of EM has its own unique trace element fingerprint (Willbold & Stracke, 2006) . Overall, EM basalts are enriched in fluid-mobile elements, including alkalis (Rb, K), Ba, Th, and Pb, and are depleted in Nb and Ta relative to similarly incompatible elements (Chauvel et al., 1992; Dostal et al., 1998; Dupuy et al., 1988; Jackson & Dasgupta, 2008; Weaver, 1991; Willbold & Stracke, 2006; White & Duncan, 1996; Workman et al., 2004) . Thus, in addition to high 87 Sr/ 86 Sr, EM basalts are characterized by high Ba/Nb, used here as a key geochemical indicator. Two preferred explanations for EM-type enrichments are (1) recycling of oceanic lithosphere plus overlying sediments (Chauvel et al., 1992 (Chauvel et al., , 2008 Cohen & O'Nions, 1982; Eisele et al., 2002; Hawkesworth et al., 1979; Hemond et al., 1994; Jackson & Dasgupta, 2008; Jackson et al., 2007; Rehk€ amper & Hofmann, 1997; Weis et al., 1993; White & Duncan, 1996; Woodhead & Devey, 1993) , and (2) recycling of upper and lower continental crust via delamination (Arndt & Goldstein, 1989; Kay & Kay, 1993) or subduction erosion at erosive plate margins (Clift & Vannucchi, 2004; Scholl et al., 1980; Stern, 2011; Stern & Scholl, 2010; von Huene & Scholl, 1993) . These two mechanisms are not necessarily mutually exclusive. Varying proportions of different sediment types and/or upper and lower continental crust are the most common explanations for the differences in EM1 and EM2 compositions.
While these end-members constrain the compositional extremes, most radiogenic isotopic data from ocean islands and mid-ocean ridges adjacent to hotspots form near-linear mixing arrays that converge in a limited region of isotopic space. This common component has moderately depleted Sr and Nd signatures, radiogenic Pb isotopes, and often, but not always, elevated 3 He/ 4 He (Hauri et al., 1994 ). White (1985 initially assigned Hawaii as the best representative of this common component, but since then various workers have given it different acronyms and debated both its isotopic composition and significance. Acronyms include PREMA (prevalent mantle; Zindler & Hart, 1986) , C (common mantle component; Hanan & Graham, 1996) , FOZO (focus zone; Hart et al., 1992 Hart et al., , 1994 , and PHEM (primitive helium mantle; Farley et al., 1992) . To add more confusion, the radiogenic Pb end of DMM-PREMA arrays has also been referred to as HIMU, distinct from Extreme HIMU that refers to the highest 206 Pb/ 204 Pb basalts from St. Helena and the Cook Austral Chain. The acronym PREMA is used here, replacing FOZO as used by Dixon et al. (2002) , to denote the radiogenic Pb end of commonly occurring DMM-PREMA arrays of oceanic basalts. Its isotopic composition intermediate between EM and HIMU suggests involvement of recycled crustal materials in its formation.
The models for formation of enriched mantle sources cited above focus on the mechanism of wholescale mixing of recycled subduction-modified crustal lithologies into depleted mantle. A growing body of work, however, has focused on producing the incompatible element enriched characteristics of enriched sources through multistage metasomatism and melting models. In these models, depleted mantle is metasomatized by low degree partial melts derived from downwelling subducted crustal materials, followed by transport and repose in the deep mantle to produce characteristic radiogenic isotopic compositions, and ultimately followed by a second stage of higher extent melting of metasomatized peridotite during upwelling at ridge crests or within mantle plumes (e.g., Asimow et al., 2004; Cooper et al., 2004; Donnelly et al., 2004; Weiss et al., 2016) . These metasomatic models explain major, trace element, and oxygen isotopic variations and provide an alternative to direct recycling of crustal lithologies (e.g., Cooper et al., 2004; Donnelly et al., 2004) . Another class of models calls upon generation of metasomatizing melts by melting of ambient mantle during mantle upwelling or at the interface between the low-velocity zone and the cooling and thickening oceanic lithosphere (autometasomatism) (Galer & O'Nions, 1986; Halliday et al., 1995; McKenzie & O'Nions, 1983 , 1995 Niu et al., 2002; Niu & O'Hara, 2003; Roden et al., 1984; Workman et al., 2004) or by melting of recycled components within upwelling mantle (Sobolev et al., 2007) . Volatiles and stable isotopes a Locations, depths, and major elements for Arctic basalts are from Sigurdsson (1981) and Neumann and Schilling (1984) .
b Radiogenic isotopic compositions from Schilling et al. (1999) . c Total dissolved water and carbon dioxide analyzed by FTIR (supporting information S1.1). d Trace element data from Trønnes et al. (1999) and Kelley et al. (2013) . e dD SMOW by conventional stepped-heating/manometry/mass-spectrometry at the University of Miami Stable Isotope Laboratory (supporting information S1.2). Geochemistry, Geophysics, Geosystems 10.1002/2016GC006743 Geochemistry, Geophysics, Geosystems
provide a critical role in evaluating these issues, because they provide the geochemical fingerprint of the origin of the proposed metasomatizing agent. Whatever the model, volatiles and their isotopes provide critical and relatively uninvestigated constraints.
All samples considered in this study are shown on two plots in the supporting information: Figures In the following sections, key data are summarized for each study area, focusing on regional differences between north Atlantic (section 4) and south Atlantic and Pacific (section 5) ridges. Sections 4 and 5 address the question ''How do volatiles and stable isotopes vary within each region as a function of mantle heterogeneity?'' Sample locations and provenance, regional geochemical trends, including water concentrations and evidence for shallow modification, are provided in supporting information S2. B analyses, along with selected published major, trace, and radiogenic isotopic compositions, for all samples are listed in Tables  (1-4) . Full data tables are provided in supporting information. Section 6 provides a summary of key trends to be used as constraints on regional source end-member compositions and mixing components. Details of end-member modeling are described in supporting information S4. Note. New data in bold font. Values in parentheses are 1r standard deviations in the last or last two decimal places based on multiple analyses of glass samples (H 2 O and CO 2 concentrations) or standards (stable isotopic data).
a Locations, depths, and major elements from Dosso et al. (1999) . b Radiogenic isotopic compositions from Dosso et al. (1999) . c Dissolved H 2 O and CO 2 concentrations by FTIR and vesicularity from Dixon et al. (2002) . d Trace element data from Gale et al. (2013a) . e H 2 O concentration and dD SMOW glass measured by High Temperature Conversion/Elemental Analyzer (TC/EA) at the University of Oregon (supporting information S1.4 and S1.5).
f Lithium was measured by MC-ICP-MS at Lamont-Doherty Earth Observatory (supporting information S1.7).
Geochemistry, Geophysics, Geosystems (12) 90 (24) 242 (29) 151 (11) 237 (38) 299 (24) (27) 248 (35) 192 (18) 189 (23) 162 (20) 138 (11 (8) 143 (9) 81 (13) 119 (10) 125 ( Pb compared to depleted basalts south of the Azores Platform. Arctic ridge basalts are generated by relatively low extents of partial melting, particularly in the vicinity of the Jan Mayen Platform Waggoner, 1990) , which may increase ratios of highly to less incompatible elements, a Locations, depths, and major elements for southern Atlantic basalts are from Douglass et al. (1995) . Discov. is Discovery segment. Shona1 is Shona group 1. Shona2 is Shona group 2.
b Radiogenic isotopic compositions from Douglass et al. (1999) and Gale et al. (2013a) . c Total dissolved water and carbon dioxide analyzed according to method given in Dixon and Clague (2001) . Details provided in Supporting Information S1.1.
d Trace element data from Douglass et al. (1999) and Kelley et al. (2013 Michael (1995) . These values are greater than typical of MORB from the south Atlantic and Pacific (170 6 15) (Michael, 1995 Waggoner, 1990) or the presence of residual garnet in the Jan Mayen-influenced mantle source (Figure 2d ).
Azores Platform
Azores Platform basalts form a general mixing array between DMM and PREMA (Figures 2a and 2b ). In contrast, basalts from the 358N anomaly form a mixing array between PREMA and an EM component, with samples 9-10, 45-3, and 44-1 having the highest 87 Sr/ 86 Sr ( Figure 2a ). An exception is 49-3, which falls within the Azores platform array. Figure 2b also shows that the some of the more depleted Reykjanes Ridge basalts have elevated Ba/Nb similar to the Arctic Ridge basalts.
H 2 O/Ce (253 6 33) in Azores platform basalts with <25% vesicles are consistent with previously reported values for the North Atlantic (Michael, 1995 dD SMOW for the Reykjanes Ridge (Poreda et al., 1986 ) and the mid-Atlantic Ridge at 34850'N (Pineau et al., 2004) , both using vacuum-crushing and step-heating techniques, agree well with the TC/EA data for the Azores Platform (Figures 2d) . Poreda et al. (1986) were the first to show correlations between dD SMOW and indicators of mantle enrichment, in that case (La/Sm) N . Some of the more depleted Reykjanes Ridge samples, however, have elevated Ba/Nb, suggesting additional involvement of small amounts of an EM component similar to the Mohns Ridge samples. Pb. Heavier dD SMOW for the Arctic Ridges is greater than the 1 & offset between conventional and TC/EA analyses. dD SMOW data from: Arctic Ridges (this study; conventional stepped-heating/manometry/mass-spectrometry); Reykjanes Ridge (Poreda et al., 1986; conventional) ; Azores Platform, Lucky Strike, 358N (this study; TC/EA); 34850' (Pineau et al., 2004) . Calculations of endmember compositions and mixing curves are discussed in supporting information S4. NADM is North Atlantic Depleted Mantle; AvgNMAR is average northern Atlantic Mid-Atlantic Ridge basalt (99.97% NADM 1 0.03% AZ2*); AP is PREMA-type mantle source for enriched Azores basalts (AP 5 99.48% NADM 1 0.52% AZ2*); AZ2* is PREMA-type C-H-O-Cl fluid endmember for Azores basalts; WetEM is EM-type C-H-O-Cl end-member fluid for Arctic basalts; M is Mohns end-member (M 5 99.96% NADM 1 0.04% WetEM); JM is mantle source for Jan Mayen basalts (JM 5 99.69% Mohns 1 0.31% AZ2*).
Geochemistry, Geophysics, Geosystems Pb in Azores Platform basalts (supporting information S2, Figure S3-2 and 3) indicate that the observed trends are not the result of diffusion of light elements out of enriched mantle sources, as proposed for Samoa (Workman et al., 2006) . Neither EM-nor PREMA-type mantle compositions in the north Atlantic are consistent with the light slab model. Figure S2 -16 and 17) (Cheng et al., 1999; Kingsley et al., 2002; Kingsley & Schilling, 1998) ; (2) the Pacific-Antarctic Ridge 418 to 658S (PAR, supporting information Figure S2 -16) (Clog et al., 2013; Hamelin et al., 2010 Hamelin et al., , 2011 Vlast elic et al., 2000) ; and (3) Macquarie Island (supporting information Figure S2 -16) (Bindeman et al. 2012; Kamenetsky et al., 2000) . The overlapping radiogenic isotopic compositions for these three regions (Figure 3a (Figures 3a and 3b ).
Southern Atlantic and Pacific Ridges
Samples that have suffered modification of water, Cl, Ba/Nb, and dD SMOW due to degassing or assimilation of brines are discussed in the supporting information (S2) and are not considered further here. For minimally modified samples, H 2 O/Ce and dD SMOW roughly increase with proximity to the SyG plume (Figures 3c  and 3d ) Simons et al., 2002) and with increasing 206 Pb/ 204 Pb.
Water concentrations and hydrogen isotopic compositions in PAR basalts were measured using the conventional techniques (Clog et al., 2013) . H 2 O/Ce (180 6 23) and dD SMOW (261 6 15 &) in PAR basalts represent a similar, but more limited, compositional range than the EMP samples Simons et al., 2002) and do not correlate systematically with indicators of brine assimilation (Cl concentration), mantle enrichment ((La/Sm) N and 206 Pb/ 204 Pb), or latitude (Clog et al., 2013) .
The Macquarie Island H 2 O concentrations and dD SMOW data were generated using the TC/EA technique (Bindeman et al., 2012 Pb PREMA-type mantle end-member with relatively high dD SMOW values (possibly similar to the SYG plume source). This interpretation differs from the conclusion by Bindeman et al. (2012) that Macquarie Island glasses plot narrowly within the canonical 280 6 10& value for the MORB mantle (Kyser & O'Neil, 1984) .
Southern Mid-Atlantic Ridge (Shona and Discovery Anomalies)
This section of the ridge contains two distinct geochemical, gravity, and bathymetric anomalies. The northern ''Discovery'' anomaly is centered at 47.58S and is influenced by the Discovery plume (Douglass et al., 1995 (Douglass et al., , 1999 . The southern ''Shona'' anomaly is centered at 51.58S (Douglass et al., 1995 (Douglass et al., , 1999 Le Roex et al., 1987) (supporting information Figure S2 -17).
Discovery anomaly lavas show a wide range of 87 (Figure 4c ). In contrast to the North Atlantic, EM components in the mantle sources for the Shona and Discovery lavas are associated with lower water concentrations and lower ratios of water to similarly incompatible elements.
The Shona and Discovery glasses have dD SMOW ranging from 258 to 269 & (Figure 4d) Figure S3 -4, 5, and 6). These values are within the range reported for OIB and are also consistent with the boron isotopic composition of dehydrated sediments (21 to 28 &) (Ishikawa & Nakamura, 1993) .
Northern East Pacific Rise
Northern EPR basalts are from 68 to 178N (supporting information Figure S2 -6a). There are no distinct plumes in this region, however on and off-axis EPR basalts, as well as small seamounts, have large chemical variations over small spatial scales (Batiza & Vanko, 1984; Bideau and H ekinian, 1995; Castillo et al., 2000; Niu et al., 1999; Perfit et al., 1994; Reynolds et al., 1992; Reynolds & Langmuir, 2000; Zindler et al., 1984) .
The nature of dispersed small-scale heterogeneities differ north and south of the Orozco fracture zone (Castillo et al., 2000) . The majority of northern EPR samples south of the Orozco fracture zone (158N) have 87 87 Sr/ 86 Sr. Southern Atlantic dD SMOW data from: (this study, conventional (purple and lavender symbols)). In contrast to EM-influenced basalts in the northern Atlantic, dD SMOW in Discovery and Shona basalts are relatively constant at variable 87 Sr/ 86 Sr. Calculations of end-member compositions and mixing curves are discussed in supporting information S4 and listed in Table S4-1. Other data sources and PacDM, SYG*, and SYG end-members described in Figure 3 (Figure 5c ). Degassing of water from these EM-type basalts is unlikely given their low absolute water concentrations (<0.2 wt. %) and eruption depths greater than 2,300 m. Basalts with the highest Ba/Nb (samples RC 45 and D69-1) have extremely low H 2 O/Ce values of 109 and 89, respectively. These are the lowest values ever observed along the mid-ocean ridge system in basalts that have not degassed water.
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dD SMOW values for EPR basaltic glasses were measured using TC/EA. Basalts south of the Orozco fracture zone (with the exception of CH9-3 and CH38-2) have a mean dD SMOW of 277 6 7 &. This is lighter than published data measured using conventional methods ( symbols) ). Other data sources and PacDM, SYG*, and SYG end-members described in Figure 3 caption. DryEM is the EM-type C-H-O-Cl fluid end-member for the dry EPR basalts. E is mantle source for EM-type EPR basalts (E 5 99% PacDM 1 1% DryEM). (Castillo et al., 2000) . Thus, the EM component in the northern EPR samples is the driest and contains the lightest hydrogen ever documented along the mid-ocean ridge system.

Summary of H 2 O/Ce and dD SMOW Data in Global Basalts
The data presented above show that volatile concentrations and stable isotopic compositions of oceanic basalts correlate with indicators of mantle composition, but the correlations differ among regions. (Gale et al., 2013a) .
Summary of Mantle Mixing End-Members
Details of the mixing calculations and estimation of mantle end-member compositions are provided in supporting information S4. Mantle end-member compositions are listed in supporting information Table S4 -1 and summarized in Figures 6a-6d . Building on the work of Asimow et al. (2004) , proportions of mixing components are estimated using nonvolatile incompatible elements and radiogenic isotopic compositions and then used to estimate the mantle end-member volatile and stable isotopic compositions. Though the proposed end-member compositions are not unique, mantle sources for both PREMA and EM-type mantle sources can be produced by addition of <1% of sediment 6 eclogite derived C-O-H-Cl fluids generated as described by the model below. Shaw et al. (2008) proposed a single reservoir, fractional-distillation model for dehydration of subducting slabs. However, reality is more complicated. Different regions of the downgoing lithosphere experience dehydration at different rates due to differences in lithology (sediment, MORB, gabbro, and hydrated lithospheric mantle) and differences in P-T path as a function of their different positions in the slab (e.g., van Keken et al., 2011 Keken et al., , 2002b . In almost all recent thermal models (Syracuse et al., 2010; van Keken et al., 2011; Wada et al., 2012) , the slab crust has fully or nearly fully dehydrated by the time it is beneath the arc. For most thermal conditions, the top of the slab crust has fully dehydrated within a horizontal distance of 20 km from the depth at which slab motion becomes coupled to flow of the overlying mantle wedge. Thus, any volatiles transported beyond the arc must be carried in the deeper portions of the slab. In cooler slabs, Geochemistry, Geophysics, Geosystems
Resolution of Dehydration Paradox
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for example, serpentine formed by hydration of the subcrustal subducting mantle during bending at the trench (e.g., Faccenda et al., 2009; Ivandic et al., 2010; Peacock, 2001; Ranero et al., 2003; Ranero & Sallares, 2004; R€ upke et al., 2002) , may transport water into the deeper mantle, at least to 250 km depth, beyond which dense hydrous magnesium silicates may carry water even deeper (Thompson, 1992; van Keken et al., 2002b van Keken et al., , 2011 Wada & Wang, 2009 ).
Antigorite (serpentine) breaks down to form forsterite 1 enstatite 1 water at roughly 400-6508C at depths shallower than 250 km (Hilairet et al., 2006) . Addition of a few weight percent of Al into the system may stabilize antigorite to even higher pressures and temperatures (up to 7008C) (Bromiley & Pawley, 2003) . Subducted subcrustal serpentine will convert to chlorite, with some release of fluid, when slab-top depth is about 40-50 km for hot thermal profiles (Cascadia), and then chlorite breaks down when slab-top depth is about 80 km depth (van Keken et al., 2011; Walowski et al., 2015) . For intermediate and cold thermal profiles (S. Chile and N. Honshu, respectively), chlorite is no longer stable, and serpentine breaks down when slabtop depths are about 110 km (intermediate-leaving anhydrous peridotite) and 200 km (cold-leaving phase A bearing peridotite) (Hilairet et al., 2006) . In slabs cool enough for subcrustal serpentine to breakdown deeper than about 100 km, overlying mostly dehydrated sediments and igneous crust will interact with these fluids causing rehydration and re-equilibration of the stable isotopic compositions to heavier arc-like values. Similar models were developed by Walowski et al. (2015) to explain hydrogen isotopic values This process is modeled by extending the work of Walowski et al. (2015) to cooler conditions and greater depths. They used experimentally derived hydrogen isotopic fractionation factors of common phases in subducted oceanic lithosphere, excluding sediments, to predict the dD SMOW of the slab and fluids released during progressive dehydration of the slab down to depths of 120 km. To extend their models to deeper depths for a cooler slab, we prescribe a hypothetical slab geometry with a 458 dip angle and a convergence rate of 4 cm/yr. For this geometry, we begin with a slab that is 100 Ma at the trench (and thus, cooler) , to compare with the Cascade case (8 Ma slab age) of Walowski et al. (2015) . The hydrogen isotope composition of the subducting slab (throughout its full thickness) and released fluids are calculated as a function of distance from the trench to a depth of 400 km. The results ( (Elliott et al., 2006; Krienitz et al., 2012; Nishio et al., 2005) , who showed that HIMU (PREMA)-type lavas are characterized by d
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Li up to 17.4&, which they interpreted as being due to recycling of dehydrated, lessaltered oceanic crust. The DampEM C-O-H-Cl fluid end-member has d 11 B of 26.6 &, consistent with the boron isotopic composition of dehydrated sediments (21 to 28 &) (Ishikawa & Nakamura, 1993) or melange serpentinites representing mantle wedge hydration at significant depths (30 to > 70 km) (Martin et al., 2016) .
This approach resolves the dehydration paradox by developing a multistage dehydration model, in which the thermal parameters of the subducting slab exert an important control on the concentrations of volatiles and light stable isotopic composition of slab materials. In cooler slabs, sediments and igneous crust that have undergone nearcomplete dehydration and dehydration-related trace element fractionation shallower than 120 km, will have water concentrations increased and hydrogen isotopic compositions restored by addition of fluids derived from deep dehydration of subcrustal serpentine with ''arc''-like hydrogen isotopic compositions. In hotter slabs, dehydrated sediments and igneous crust will preserve the light stable isotopic signatures created by a combination of dehydration (shallower, beneath forearc) and hydrous melting (beneath arc). . Thermal-petrologic slab dehydration model results for a (a) generic ''cold'' subduction zone (458 dip angle, 4 cm/yr convergence rate, 100 Ma slab age at the trench) compared with a (b) end-member ''hot'' slab subduction zone, Cascadia (based on modern Cascadia slab parameters; Walowski et al. (2015) ), calculated using the methods described in Wada et al. (2012) . For both models, the color gradient represents the distribution of bound H 2 O remaining in the slab, and the slab thickness exaggerated is by a factor of three. The estimated dD fluid for each model was calculated using the fractionation model described in Walowski et al. (2015) . Model results assume a starting dD SMOW of the serpentinized mantle materials of 260& (Alt & Shanks, 2006) , with results in parantheses assuming a starting value of 240& (Barnes et al., 2009 ). Uncertainty in estimated dD values is 615 &. Dashed boxes show approximate locations of Zones 1, 2, and 3 as described in Figures 7 and 8 and the text. Blue arrows show the approximate location of fluid-release pulses predicted by the dehydration models. For more details, see the supporting information of this manuscript and the supplementary materials of Walowski et al. (2015) .
Geochemistry, Geophysics, Geosystems The phrase ''subduction factory'' has been used to describe subduction zone processes, in which raw materials (downgoing slab as factory input) are processed (metamorphism and dehydration) to produce hydrous fluids/melts and ultimately arc magmas (factory outputs) (e.g., Eiler, 2003; Kimura et al., 2009; Ryan & Chauvel, 2014; Stern, 2002) . The archetypal subduction factory is a multistage metasomatism and melting model dominated by dehydration reactions that occur at depths shallower than 120 km (Zone 1) in most arcs. It is useful to consider the subduction factory extending beyond 120 km to include two additional ''processing plants,'' where depleted mantle is metasomatized by melts of differing compositions, and where carbon plays as important a role as water (Figures 8 and 9 ). Zone 2 occurs at 200 km, where carbonated sediments may melt (Grassi & Schmidt, 2011a , 2011b . Zone 3 occurs at 410 km, where carbonated eclogite may melt (Thomson et al., 2016) . The presence of heavy hydrogen isotopic compositions in enriched mantle end-members requires that these metasomatizing melts be derived from surface-modified materials, e.g., a subducted slab, and not from the melting in the wings of the upwelling MORB melting regime or at the interface between the low-velocity zone and the cooling oceanic lithosphere (autometasomatism).
Thus, water-dominated dehydration and melting processes in Zone 1 (<120 km) generate the sources of arc magmas, whereas carbonate-dominated melting processes (>120 km) in Zones 2 (sediments) and 3 (eclogite 6 sediments) generate the metasomatized peridotite that later becomes EM-and PREMA-type mantle components, respectively. Melting of subducted materials in Zones 2 and 3, and transfer of these melts to the ambient upper mantle and SCLM, are important mechanisms controlling variable water concentrations and stable isotopic compositions of oceanic basalts.
Zone 1: Dehydration-Derived Subcritical Fluids and Melts in the Source for Arc Magmatism
In Zone 1 (roughly 2-4 GPa, 60-120 km, 600-8008C), hydrous fluids (>95% H 2 O) and silicate melts (H 2 O < 15 wt. %) form in the subcritical zone, where separate melt and fluid phases coexist and become more miscible in each other with increasing temperature and pressure until the second critical endpoint is reached at about 5 6 1 GPa (150 6 30 km) (Kessel et al. 2005; Mibe et al., 2007 Mibe et al., , 2011 . Addition of hydrous fluids and melts to arc mantle sources greatly increases the water content of arc magmas resulting in H 2 O/ Ce as high as 20,000 Plank et al., 2009) . Under Zone 1 conditions, accessory phases, including allanite, monazite, and rutile, are stable residual phases (assuming they have not been exhausted by hydrous flux melting of the slab top) and play important roles in controlling the trace element characteristics, especially rare earth elements, of fluids and melts.
Experimental results on the solid/fluid trace element bulk partitioning of allanite and monazite as a function of temperature (e.g., Brenan et al., 1995; Hermann & Rubatto, 2009; Johnson & Plank, 1999; Keppler, 1996; Kessel et al., 2005) have allowed the development of geothermometers based on H 2 O/Ce in mafic arc melt inclusions Plank et al., 2009 ). In addition, the temperature of fluid or hydrous melt generation based on H 2 O/Ce has been found to correlate with the thermal parameters of the subducting slab Ruscitto et al., 2012) ; T in 8C) predicts that H 2 O/Ce in slab-derived fluids and hydrous melts will decrease by orders of magnitude, from >1,000,000 to <1,000, as temperature increases from 600 to 1,0008C.
In addition, rutile plays a critical role in controlling HFSE (Nb and Ta) concentrations. At depths shallower than 300 km, Nb and Ta strongly partition into rutile during melting (Bromiley & Redfern, 2008) , resulting in subcritical fluids and melts generated in Zone 1 depleted in Nb and Ta relative to similarly incompatible trace elements consistent with observed compositions of arc and EM-type magmas.
Recent thermal models for the slab and mantle wedge (Syracuse et al., 2010; van Keken et al., 2011) predict slab surface temperatures beneath arc volcanic fronts that vary between 7008 and 9508C, significantly higher than earlier models (Kincaid & Sacks, 1997; Peacock, 1996; Peacock & Wang, 1999) . According to these more recent models, sediments and basaltic crust should be thoroughly dehydrated at 120 km depth. Given these higher slab surface temperatures, especially for the hottest (or slowest) slabs, and if dehydrating serpentine or chlorite provide a source of water fluxing, it is physically plausible to generate partial melts of water-saturated Geochemistry, Geophysics, Geosystems 10.1002/2016GC006743 sediments and basaltic crust, with H 2 O/Ce ranging from 640 to 9700, that contribute to the generation of arc magmas (Hermann & Spandler, 2008; Kessel et al., 2005; Poli & Schmidt, 2002; Schmidt et al., 2004b; Schmidt & Poli, 2014 , 1998 .
In particular, compositions of arc magmas in hot subduction zones, such as the Cascades, the Mexican Volcanic Belt, and Central America are consistent with addition of melts of subduction-modified sediments and igneous crust to the mantle wedge source (e.g., Cai et al., 2014; Ruscitto et al., 2010 Ruscitto et al., , 2014 Walowski et al., 2015) . These components have geochemical characteristics similar to EM-type sources (e.g., overall enrichment in incompatible elements, enrichments in fluid-mobile elements, and depletions in HFSE). Zone 2 sediment-derived supercritical fluids may share some of trace element characteristics of Zone 1 hot slab Figure 8 . For warm to hot subduction paths, melting of sediments or igneous crust may occur in three zones where P-T paths intersect with a solidus that has a negative slope. In Zone 1, hydrous fluids (>95% H 2 O) and silicate melts (H 2 O < 15 wt. %) form separate phases that become more miscible in each other until the second critical endpoint is reached at about 5 6 1 GPa (150 6 30 km). Zone 2 occurs at 200 km (6-9 GPa), where carbonated sediments may melt (Grassi & Schmidt, 2011a , 2011b , and Zone 3 occurs at 410 km (14-17 GPa), where carbonated eclogite may melt (Thomson et al., 2016) . Thus, water-dominated dehydration and melting processes in Zone 1 (<120 km) generate the sources of arc magmas, while carbonate-dominated melting processes in Zones 2 and 3 (>120 km) generate the sources for EM and PREMA enriched mantle end-members. Sub and supercritical boundary at 150 km defines depth above which a single fluid phase forms with volatile contents intermediate between subcritical ''fluids'' and ''melts'' (Kessel et al., 2005; Mibe et al., 2007 Mibe et al., , 2011 . Boundary at 300 km above which rutile no longer preferentially retains Nb from Bromiley and Redfern (2008) . Black-dashed curve is breakdown of antigorite (Hilairet et al., 2006) . Blue curve is melting of carbonated pelitic sediments (Grassi & Schmidt, 2011a , 2011b . Green curve is melting of carbonated eclogite (Thomson et al., 2016) . Hot, intermediate, and cold slab thermal profiles from Syracuse et al. (2010) and van Keken et al. (2011) . Dashed curves represent the middle of the sediments (their layer 99). Solid curves represent upper mantle about 1 km below the base of the crust (their layer 109). The hot-slab P-T path is shown as ending at the transition zone to reflect flat-slab subduction (e.g., Su arez et al., 1990) . Melting may occur for cooler slabs if they are deflected and reside at the top of the lower mantle long enough to thermally equilibrate with the ambient mantle. Modified from Schmidt (2011a, 2011b) .
Geochemistry, Geophysics, Geosystems 10.1002/2016GC006743 sediment melts, including high Ba/Nb, Rb/Sr, and Ce/Pb. Binary mixing models (supporting information S4) explore the feasibility of using a hot subduction component as an enriched endmember component associated with the formation of EM-type sources. Schmidt (2011a, 2011b) identified P-T conditions at which carbonated pelitic sediments melt (230 6 50 km depths and 9508 to 1,2008C) ( Figure 8 ) associated with the breakdown of phengite, referred to here as Zone 2. Thermal profiles for sediments on top of average to hot slabs will cross the carbonated pelite melting curve allowing sediment melting. Because Zone 2 carbonated pelite melting is driven by the breakdown of phengite, even sediments that underwent melting in Zone 1 may undergo additional melting in Zone 2. Melting of carbonated sediments occurs under supercritical conditions (deeper than the second critical endpoint at 150 6 30 km, Kessel et al. 2005; Mibe et al., 2007 Mibe et al., , 2011 , thus producing a single fluid phase with volatile contents intermediate between subcritical ''fluids'' and ''melts.'' The resulting sedimentderived supercritical fluids are carbonatitic to alkali silica-undersaturated in composition, are enriched in fluid-mobile elements, are depleted in Nb and Ta due to residual rutile (Bromiley & Redfern, 2008) , and have high Ba/Nb.
Zone 2: Melting of Sediments and Formation of EM Components
If accessory phases allanite and monazite have not been exhausted by fluid production in Zone 1, then estimates of slab surface temperature may be used to predict expected H 2 O/Ce in these fluids. The estimated EM fluid H 2 O/Ce values of 95-574 yield H 2 O/Ce geothermometer temperatures of 9608C-1,1258C, in excellent agreement with temperatures of carbonated pelite melting in Zone 2 (9508C-1,2008C ), though these results should be viewed with some caution as the Plank et al. (2009) geothermometer is only calibrated to 1,0608C. In the hypothetical case where these phases have been exhausted, then H 2 O/Ce may reflect the amount of residual H 2 O and Ce in the slab and their solid/melt partitioning. For cooler slabs, fluxing of the slab surface by fluids derived below 120 km from subcrustal hydrous phases may buffer H 2 O concentrations and stable isotopic compositions at higher and heavier values, respectively, than predicted by a simple Raleigh fractionation model. Thus, the wet and heavy dD SMOW metasomatic fluid compositions for the northern Atlantic EM-type basalts may indicate fluid generation from a cooler slab than the one that produced the dry and light dD SMOW fluid end-member for the northern EPR EM-type basalts. Geochemistry, Geophysics, Geosystems
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Most earlier models for the origin of EM-type mantle end-members have used mixing between depleted mantle and various proportions of subducted crustal materials or SCLM, to explain the enrichments in fluidmobile elements and alkalis and depletions in high-field strength elements Nb and Ta (e.g., Chauvel et al., 2008; Hofmann, 2014; Jackson & Dasgupta, 2008; Willbold & Stracke, 2006) . However, addition of sediment melts, instead of raw sediments, better satisfies available data (e.g., Chauvel et al. 2008) , and is supported by recent experimental studies. Addition of 1 wt. % of carbonate melts of carbonated pelites to depleted mantle is capable of evolving into observed EM-type radiogenic isotopic compositions (Grassi et al., 2012) . Thus, melting of carbonated sediments within Zone 2 at roughly 230 km depth is proposed as the locus of formation of EM-type enrichments. Heterogeneity in melt compositions may be introduced by varying sediment type and origin (e.g., amount of eroded upper and lower continental crust).
9.4. Zone 3: Melting of Carbonated Eclogite in the Mantle Transition Zone and Formation of PREMA Components Zone 3 is located at near the top of and within the mantle transition zone between 410 and 660 km. Thomson et al. (2016) showed that melting of carbonated oceanic crust (eclogite) may occur at 300-700 km depth in the mantle, where average to hot slab geotherms intersect a deep depression along the melting curve (Figure 8) . A 2008C drop in the solidus temperature over a narrow pressure range is caused by a change in clinopyroxene composition toward a more sodium-rich composition above 13 GPa (400 km) due to dissolution of sodium-poor pyroxene components into coexisting garnet. Eventually, clinopyroxene becomes so sodium-rich that a coexisting Na-carbonate mineral stabilizes in the subsolidus assemblage, causing the depression along the solidus. Recognition of the carbonated eclogite solidus depression in this region provides a mechanism to generate deep incipient melts of subducted igneous crust and overcomes serious concerns about the feasibility of previously proposed metasomatism models.
The first partial melts of carbonated eclogites are alkaline carbonatites (e.g., Kiseeva et al., 2012; Thomson et al., 2016) that are mobile and highly reactive with ambient mantle. With increasing extents of melting, experiments show either a gradual increase in the silicate component in the melt (Yaxley & Brey, 2004) or the formation of carbonatitic and silicate immiscible melts (e.g., Dasgupta et al., , 2007 Gerbode & Dasgupta, 2010) . Reaction of these incipient melts with ambient mantle provides an explanation for the occurrence of ''superdeep'' diamonds, originating in the deep upper mantle and transition zone, with chemical fingerprints similar to subducted oceanic crust (Bulanova et al., 2010; Harte, 2010; Stachel, 2001; Thomson et al., 2014; Weiss et al., 2015) .
Zone 3 is located deeper than the 300 km limit above which changes in melt structure result in marked reduction in the partitioning of Nb and Ta into rutile (Bromiley & Redfern, 2008) , and also mostly deeper than the 420 km limit of rutile stability (Okamoto & Maruyama, 2004) . Thus, HFSE elements retained in the slab during fluid and melt production in Zones 1 and 2 are available to enter supercritical fluids in Zone 3. This produces enrichments in Nb and Ta relative to similarly incompatible elements, along with low Ba/Nb, characteristic of PREMA components. Addition of low degree partial melts (formed at pressures above the second critical endpoint) of carbonated subduction-modified oceanic crust at transition zone depths is capable of producing the geochemical fingerprint of PREMA-type sources (e.g., Cooper et al., 2004) . In addition, Grassi et al. (2012) show that melts of carbonated pelites within Zone 3 have trace element characteristics capable of evolving to EM2 radiogenic isotopic compositions.
The uniformly heavy PREMA-type end-member fluids requires that the hydrogen isotopic values of previously dehydrated eclogite be restored to values similar to hydrothermally altered basalt entering the trench by interaction with fluids derived from dehydration of subcrustal antigorite.
Conditions for Deep Melting in Cold Slabs
The proposed model permits melting of carbonated sediment and eclogite for average to hot subduction thermal profiles (Figure 8 ). Such melting may have been more common earlier in Earth's history (e.g., Sizova et al., 2010; Sleep & Windley, 1982; Stern, 2005) . Cold or rapidly subducting slabs (e.g., N. Honshu) should not undergo melting in Zones 2 and 3. Only if cold slabs are deflected and stagnate in the upper mantle, most likely at the 410 or 670 km discontinuities, would they be able to warm up sufficiently to exceed the carbonated sediment and eclogite melting curves.
Geochemistry, Geophysics, Geosystems 10.1002/2016GC006743 9.6. Second-Stage Melting of Plumes and Distributed Heterogeneities Mantle metasomatized by melts and fluids in Zones 1-3 will get further stretched and mixed into ambient mantle during convection (e.g., Farnetani et al., 2002; Lin & van Keken, 2006; van Keken et al., 2002a) . Metasomatized mantle and/or metasomatized subcontinental lithospheric mantle formed by Zones 1 and 2 melting may remain in the upper mantle and will retain a low 3 He/ 4 He signature, as observed for the Arctic Ridges north of Iceland. Slabs and entrained metasomatized mantle that make it all the way to the lower mantle may interact and mix with a less degassed high 3 He/ 4 He component, perhaps associated with the LLSVP layer at the core mantle boundary.
Plumes that upwell from the lower mantle bring with them mixtures of recycled metasomatized and hotter ambient mantle components with contributions of long-isolated less-degassed primitive material with high 3 He/ 4 He, as is the case for the Azores Platform, south Atlantic, and EMP-ESC basalts. The origin of various chemical fingerprints can be attributed to different components in the mixed source. Concentrations of noble gases will be dominated by the lower mantle component; compatible elements (Ni, Cr, and HREE) will be dominated by the peridotitic depleted mantle; and roughly half to almost all of the highly incompatible elements, including water and carbon, will be dominated by the metasomatic melt components. Autometasomatism will act to further redistribute enriched ''lumps'' into the upwelling mantle, as modeled for the Mid-Atlantic Ridge south of the Azores Platform (Gale et al., 2013b The canonical value for dD SMOW in normal MORB and its mantle source has been 280 6 10& (Chaussidon et al., 1991; Craig & Lupton, 1976; Kyser & O'Neil, 1984; Pineau et al., 2004; Poreda et al., 1986) . In contrast, recent analysis of southern Pacific MORB (Clog et al., 2013) led to the conclusion that the hydrogen isotopic composition of the MORB mantle should be revised to 260 6 5&. Clog et al. (2012) proposed that many earlier results were in error due to a previously unrecognized memory effect in platinum crucibles and should be shifted to heavier values by 10-20&.
Instead of being rooted in analytical differences, the dD SMOW in the upper mantle is likely heterogeneous as a result of variable contributions of enriched recycled components in different ocean basins. The compilation of depleted and enriched MORB data show that average depleted MORB in the north Atlantic has a mean dD SMOW 290 6 10&, consistent with earlier work. The agreement of the new TC/EA analyses with previous conventional analyses from a variety of laboratories argues against systematic offsets due to platinum crucibles. This would then be consistent with the results of Clog et al. (2013) Katayama et al., 2003) . The maximum extent of rehydration possible will be controlled by the solubility of water in nominally anhydrous minerals, the stability fields of lawsonite and phengite, and by the C-O-H fluid composition.
Rehydration of overlying crustal eclogite, as required to explain the heavy dD SMOW , in warm to cold slabs most likely occurs in the form of heterogeneously distributed veins. As the water solubility in eclogite decreases during slab descent, the water in these veins may get redistributed more uniformly throughout the eclogite to maintain saturation in nominally anhydrous minerals.
This hypothesis can be tested using a simple back-of-the-envelope calculation. Consider that H 2 O and Ce concentrations in the eclogite incipient melts are controlled by clinopyroxene and garnet partition coefficients (not accessory phases) and that their partition coefficients are roughly equal. Assuming a Ce concentration of 5-6 ppm in bulk igneous crust (Stracke et al., 2003) and a H 2 O concentration in eclogite of 2,000 ppm at saturation at the top of the transition zone, then the H 2 O/Ce of incipient melts will be 330-400. These values are slightly higher than observed suggesting less than full water saturation in eclogite or differences in the partition coefficients. If the H 2 O concentration in majorite garnet within the transition zone of 1,100 ppm is used, then the H 2 O/Ce of incipient melts will be 180-220. These values are certainly in the right ballpark and give us confidence that this is a possible mechanism for controlling H 2 O concentrations and H 2 O/Ce in PREMA-type mantle sources.
The fact that PREMA-type fluid and mantle compositions with H 2 O/Ce < 220 and dD SMOW < 240 & have yet to be observed suggests that melting of fully dehydrated eclogites associated with hot slabs is unlikely to occur in Zone 3. Either the rehydration process is a necessary condition for melting in Zone 3 or hot slabs rarely subduct to transition zone depths (e.g., Husker & Davis, 2009 ). The ubiquitous presence of nearsaturation H 2 O concentrations and heavy dD SMOW in eclogites that melt in Zone 3 appears to be linked to either the possible role of water in further depressing the carbonated eclogite solidus or to the inability of hot slabs to subduct through the transition zone.
Is Subcontinental Lithospheric Mantle a Possible EM Source?
Subcontinental lithospheric mantle (SCLM) is often cited as the source for EM-type basalts (e.g., Andres et al., 2002; Debaille et al., 2009; Ellam & Stuart, 2000; Geldmacher et al., 2008; Hanan et al., 2013 McKenzie & O'Nions, 1983 Tappe et al., 2007; Workman et al., 2004) analyzed 375 spinel lherzolite and harzburgite xenoliths to constrain the composition of the SCLM and determined it to be characterized by enrichment in light rare earth elements (LREE), flat trends in heavy rare earth elements (HREE), and low 3 He/ 4 He signature (6.16 0.9). McDonough (1990) suggested a two-stage growth model, in which an initial melting event depleted the residue in LREE and was followed by one or more enrichment events. Studies of xenoliths show evidence for interaction with both carbonatitic and alkali silicate metasomatic melts (e.g., Agashev et al., 2013; Amundsen et al., 1987; Ionov et al., 1993 Ionov et al., , 2002 O'Reilly & Griffin, 2012) . Recent work by Weiss et al. (2016) argues that the source for HIMU basalts is SCLM metasomatized by carbonatite melt before entrainment in convecting mantle.
Zone 2 melting and metasomatism is capable of generating the EM-like characteristics of SCLM and that its composition reflects multiple episodes of melt extraction, metasomatism, and solid/melt reactions during melt migration. SCLM may be dispersed into the convective upper mantle during opening of the ocean basin and will be progressively flushed out as the upper mantle melts to form MORB. Application of this concept to the northern Atlantic is discussed below.
Origin of High H 2 O/Ce in the Northern Atlantic
High H 2 O/Ce in northern Atlantic basalts relative to the rest of the mid-ocean ridge system are consistent with the findings of Michael (1995) , who argued that the sources of H 2 O in northern Atlantic basalts are more likely to be derived from recycled, subducted, altered oceanic crust than juvenile mantle, though he did not distinguish between EM and PREMA compositions. The model presented here offers a refinement Geochemistry, Geophysics, Geosystems
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of his earlier interpretation, and specifies that the northern Atlantic mantle contains dispersed EM components formed by metasomatizing depleted mantle by melts and supercritical fluids of dominantly sediments at 250 km. The ubiquitous presence of the EM component in the northern Atlantic mantle is consistent with the young age of the basin and slow spreading rates, whereby production of northern Atlantic MORB has not yet been able to flush out this dispersed heterogeneity. The PREMA component is isolated in plumes (Jan Mayen, Iceland, and Azores Platform) consistent with metasomatism taking place at deeper depths and perhaps at an earlier time. In some cases (Iceland and Azores Platform), the PREMA component is associated with high 3 He/ 4 He, whereas in others (Jan Mayen), it is not. The PREMA component, generated in the transition zone, may remain in the upper mantle and not pick-up 3 He/ 4 He from the lower mantle, as is the case for the Arctic Ridges. In other cases, metasomatized mantle may be entrained by subduction into the lower mantle, perhaps all the way to the core/mantle boundary, at which point it may mix with or pick-up high 3 He/ 4 He characteristics and return to the surface in mantle plumes, as is the case for
Iceland and the Azores Platform.
Michael (1995) also suggested that high H 2 O/Ce in MORB from the northern MAR might be related to a period of rapid subduction in the past that resulted in depressed isotherms and less dehydration in the slab. The association of high H 2 O/Ce with heavy dD SMOW supports this idea of involvement of fluids derived from deeper cooler portions of the slab.
Conclusions
An outstanding puzzle in mantle geochemistry has been the origin and evolution of Earth's volatile components. In particular, the ''dehydration paradox'' refers to the following conundrum. The PREMA end-member in mid-ocean ridge basalts and ocean island basalts requires involvement of a mostly dehydrated slab component to explain the trace element ratios and radiogenic isotopic compositions, but a fully hydrated slab component to explain the stable isotopic compositions. Decoupling of slab volatiles and their stable isotopes from lithophile elements during subduction reflects complex dehydration processes including (1) primary dehydration of the slab surface, and (2) secondary rehydration, infiltration and re-equilibration of the slab by C-O-H-Cl fluids derived from dehydrating subcrustal hydrous phases in cooler, deeper parts of the slab. Rehydration of previously dehydrated slab materials resolves the dehydration paradox.
The ''expanded subduction factory'' model includes melt or fluid generation at several key depths:
1. Zone 1: (shallower than 120 km) Mantle wedge sources of arc and back-arc magmas are generated by addition of subcritical fluids and melts of the dehydrating subducting slab to depleted upper mantle peridotite. 2. Zone 2: (180-280 km) EM-type mantle compositions are generated above slabs with average to hot thermal profiles by addition of carbonated sediment-derived supercritical fluids/melts to depleted asthenospheric or subcontinental lithospheric mantle. The observed range in fluid end-member H 2 O/Ce is consistent with estimates of slab surface temperature of >9508C. 3. Zone 3: (410-660 km) PREMA-type mantle sources are generated, above slabs with average to cool thermal profiles, by addition of carbonated eclogite and sediment-derived supercritical fluids to depleted mantle. Colder slabs may also produce melts if slab deflection allows additional warming. Heavy dD SMOW in PREMA end-member fluids requires involvement of seawater released by deep dehydration of Geochemistry, Geophysics, Geosystems
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subcrustal hydrous minerals. The limited range and heavy stable isotopic compositions of PREMA endmembers and their similarity to antigorite suggests that either fluxing by deep fluids in cool to cold slabs is essential to initiate melting of dehydrated igneous crustal materials within the transition zone or that dehydrated, hot slabs are unable to subduct past 410 km.
The proposed model does not exclude mixing of ''raw'' recycled crustal materials into depleted mantle; however, creation of mantle sources through addition of incipient recycled crustal melts is an important mechanism for enriching the mantle. Incipient melts form easily fusible veins of pyroxenite as they migrate through and react with mantle peridotite. These metasomatized regions get further stretched and mixed into ambient mantle during convection, either in the lower mantle, where they may pick up a high 3 He/ 4 He signature, or in the upper mantle, where they retain their low 3 He/ 4 He signature. This model does not contradict evidence for continued redistribution of the chemical heterogeneities by plumes and convective upwelling that ultimately bring these mixed sources to the surface. Autometasomatism will act to further redistribute enriched ''lumps'' into the upwelling mantle.
